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We have determined the electromagnetic calibration constants of 11%
TileCal modules exposed to electron beams with incident angles of 20◦
and 90◦. The gain of all the calorimeter cells have been pre-equalized
using the radioactive Cs-source that will be also used in situ. The av-
erage values for these modules are equal to: for the flat filter method
1.154±0.002 pC/GeV and 1.192±0.002 pC/GeV for 20◦ and 90◦, for
the fit method 1.040±0.002 pC/GeV and 1.068±0.003 pC/GeV, respec-
tively. These average values for all cells of calibrated modules agree with
the weighted average calibration constants for separate modules within
the errors. Using the individual calibration constants for every mod-
ule the RMS spread value of constants will be 1.9±0.1%. In the case
of the global constant this value will be 2.6±0.1%. Finally, we present
the global constants which should be used for the electromagnetic cali-
bration of the ATLAS Tile hadronic calorimeter data in the ATHENA
framework. These constants are equal to 1.15 pC/GeV in the case of the
flat filter method and 1.04 pC/GeV for the fit one.
1 Introduction
The constructed ATLAS detector at the LHC will have the huge physics
discovery potential, in particular in the detection of a heavy Higgs boson
[1, 2]. Calorimeters will play a crucial role in it. The key question of
calorimetry is the absolute energy calibration, in particular the calibra-
tion in the electromagnetic energy scale.
The physics goals have led to the following requirement for the know-
ledge of the absolute scale of energy: in the case of hadronic jets, the
scale should be known to an accuracy of 1% [3].
The other important issue is the energy linearity. The most stringent
linearity requirements for the hadronic calorimeter come from the study
of quark compositeness where the jet energy scale has to be linear within
1.5% up to the transverse energy of 4 TeV [2, 4].
For each cell of the ATLAS hadronic TileCal calorimeter [5] the ca-
libration constants, which define the relationship between the calorimeter
signals, expressed in picoCoulombs, and the energy of the absorbed par-
ticles, which produced the signals, must be determined. The calibration
constants depend on the type of particle, or jet and, generally speaking,
on their energies [6]. This means that calibration constants determined
for one particular type of particle, or jet of one particular energy lead to
systematic mis-measurements of energy if used for the interpretation of
signals caused by other particles, or jets of other energies.
It is assumed that for the ATLAS calorimeters the hadronic final
states physics objects (hadrons, jets, missing transverse energy) should
be reconstructed at first using calorimeter signals on an electromagnetic
energy scale [7, 8].
With the aim of establishing of this scale and understanding of per-
formance of the ATLAS Tile hadronic calorimeter [5] to electrons 11% of
modules have been exposed in electron beams with various energies by
three possible ways: cell-scan at θ = 20◦ at the centers of the front face
cells, η-scan and tilerow scan at θ = 90◦ for the module side cells.
Our work is devoted to summary of the electromagnetic calibration
constants of TileCal modules at 20◦ and 90◦ obtained by us and presented
in the following talks and notes [9] – [20].
The obtained calibration constants have been included in the TileCal
calibration database and will be used for the energy calibration of the
ATLAS Tile hadronic calorimeter.
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Besides our works there are ones in which the electromagnetic cali-
bration constants of TileCal modules at 20◦ and 90◦ for some testbeam
runs have been determined [21] – [25].
2 The ATLAS Hadron Tile Calorimeter
The ATLAS Hadron Tile Calorimeter (TileCal) is a 2900 t sampling
calorimeter using iron as passive material and tiles of scintillator as ac-
tive material readout by wavelength shifting fibers [5]. This calorimeter
will play a very important role to identify jets, measure their energy
and direction, reconstruct the transverse missing energy. The goal of





E ⊕ 3%) and linearity (1 – 2% up to TeV scale).
An innovative feature of this calorimeter is the orientation of the
scintillators that are placed in planes perpendicular to the colliding beams
(Fig. 1 (left)). This disposition simplifies the tile-fiber and fiber-PMT
coupling reducing the dead spaces of the calorimeter and hence increasing
hermecity. Due to this feature we can get an hermetic coverage up to
| η |= 1.7 (| η |= 5 with forward calorimeters), very important for the
reconstruction of the transverse missing energy.
The TileCal is divided into one barrel and two extended barrel sec-
tions. All three sections have a cylindrical structure with an inner radius
of 2280 mm and outer one of 4230 mm. The barrel section is 5460 mm
in length along the beam axis, while each extended barrel has a length of
about 2910 mm. Each of the cylinders is further subdivided into 64 inde-
pendent azimuthally oriented modules. Within each module, there are a
number of readout cells. Each cell is a set of scintillating tiles connected
by fibers to 2 PMTs. The TileCal will contain 4672 cells which will be
read-out by 9344 PMTs. Two fibres collect light from every scintillator
tile at both of its azimuthal edges. The total number of tiles is 456000.
The calorimeter is divided in η towers, which are “pseudo-projective”
towards the interaction region, and radially segmented in three depths.
The thicknesses of depths at η = 0 are 1.5 λ in the first sampling, 4.2 λ
in the second one, and 1.9 λ in the third one, with a total depth of 7.6
λ. The granularity ∆η ×∆ϕ at η = 0 is 0.1×0.1 for the first two depths
and 0.2×0.1 in the third compartment.
The iron structure of each module consists of a number of repeated









Figure 1: Principle of the TileCal (left). Exploded view of an assembled
TileCal period (right).
layers. The first and third layers are formed by large trapezoidal steel
plates (master plates), and spanning the full longitudinal dimension of
the module. In the second and fourth layers, smaller trapezoidal steel
plates (spacer plates) and scintillator tiles alternate. These layers consist
of 11 different trapezoids of steel and scintillator, each spanning from 97
to 187 mm. The master plates, spacer plates and scintillator tiles are of
5 mm, 4 mm and 3 mm thick, respectively. The iron to scintillator ratio
is 4.67:1 by volume.
3 Test Beam Setup
Fig. 2 shows the used test beam setup. The Barrel Module 0 is the bottom
module mounted on the table. The middle layer is the production barrel
module BM. The top layer is the two extended barrel modules: EBM+
for η > 0 (beam left) and EBM− for η < 0 (beam right).
The layout of the cell geometry is demonstrated in Fig. 3. Each cell
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Figure 2: Sketch of the test beam setup.
is a set of scintillating tiles connected by fibers to 2 PMTs. Each module
is read out in three longitudinal layers. The first layer consists of A-cells,
the second one — of B- and C-cells, and the third one — of D-cells. In
η, the readout cells, built by grouping fibres into PMTs, are “pseudo-
projective” towards the interaction region. There are 11 transverse rows
of tiles (tilerows) in a module. For a barrel module A-cells have tilerows
1÷3, B- and C-cells — 4÷7, D-cells — 8÷11. For a extended barrel
module A-cells have tilerows 1÷3, B- and C-cells — 4÷7, D-cells —
8÷11.
4 PMT signal reconstruction methods
For obtaining of the channel response the registered PMT signals are
treated by two methods: the flat filter and fit ones [26, 27]. The response
of the flat filter method, Rflat, is an integral, a maximum of all possible
sums of 5 subsequent samples of the pulse shape of a PMT signal which
is sampled 9 times with the 25 ns interval







The first sample (s1) is considered as a pedestal and its value is subtracted
from all other samples (si). Here Ccis is the constant transforming the
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Figure 3: The layout of the cell geometry.
ADC values into pC derived from CIS (Charge Injection System) events,
j = 1, . . . , 5. As a consequence of finding the maximum, the flat filter
method exhibits positive offset for the pedestal-like events. For majority
of PMTs this offset, 〈Rnoise〉, and RMSnoise do not exceed 0.016 pC and
0.06 pC, correspondingly, amounts to 0.01 pC and 0.05 pC, in average,
as can be seen in Fig. 4. But there are tails, 11% PMTs are with larger
noise. Because of this, at using the method of cutting noise (in which
the PMT channel signal is set equal to 0 if the value of signal less than
Cutnoise value, with a typical value of 0.1 pC) the calibration constants
at low energies (10 – 20 GeV) become dependent from a value of Cutnoise
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as shown in Fig. 4 (bottom). The data at high energy are insensitive to
the value of Cutnoise, as expected.
We have devised the following algorithm correcting this defect. If the
value of signal less than 3 · RMSnoise,i then the one is decreased on the
value of 〈Rnoise,i〉. So, we obtain unbias values of 〈Rnoise,i〉.
The fit method is based on fitting the pulse shape function, f (t), to
samples (si) of event
f(t) = Rfit · g(t− τ) + ped, (2)
where g(t−τ) is the known normalized pulse shape function, t is time, τ is
the phase (peak position in time), ped is a pedestal. So, the reconstructed
response, Rfit, is the amplitude of the PMT signal. The fit method results
only in a very small offset (typical values are 0.0002 pC per PMT) and
smaller spread, 〈RMSnoise,i〉 is 0.02 pC.
5 Data analysis
5.1 Calibration volume
The area used for reconstructing the electron energy for both the 20◦ and
90◦ runs, was one TileCal extended barrel module or half barrel module,
since the electron calibration constants are used for the hadron energy
reconstruction [28, 29]. These calorimeter volumes have a number of cells
similar to the amount of cells that we use to reconstruct an hadronic
shower [30]. Given the fact that the electron beam was incident in the
center of each cell for 20◦ runs or of the each tile row for 90◦ runs, there
was no lateral leakage due to the fact that one module was used for the
energy estimation. Even though a larger area than the shower extent was
used, the volume that was used for electron energy reconstruction was
that of one cell, since more than 90% of the electron shower is contained
in one cell. Each cell contributes with about 30 MeV of electronics noise
(fit method), having no impact on the calibration constants. The cells
calibrated, due to the electromagnetic shower longitudinal size, are the
A-layer cells (20◦ beams) and the cells on the Z-edge of the modules (90◦
beams) for each module, representing approximately 50% of the module’s
readout cells.
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Figure 4: The distributions of mean values of PMT noise (top left) and
RMS values (top right) of PMTs used in the test beam July 2002 (JINR-
55, ANL-44, IFA-42). The electron calibration constants, Ce, for the
A+1 cell of BM+ (JINR-55) at θ = 20◦ for 10 and 180 GeV as a function
of Cutnoise value (bottom).
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5.2 Electron selection
The H8 electron beams at the SPS CERN are the mixture of electrons,
muons and hadrons. For calibration it is important to have the pure
electron beam. We have estimated that in order to have the systematic
error in the electron calibration constant due to the pion contamination
smaller than 0.3% this contamination must be smaller than 1.5% in the
energy range of 10 – 300 GeV [31]. Therefore, we have performed the
identification of (e, µ, pi) particles on the basis of the calorimetric infor-
mation. We have used the following three selection criteria [31].
5.2.1 Selection with longitudinal shower energy deposition









is a value of the relative shower energy deposition in the first two calorime-
ter depths, where Eikl is the energy response of an ikl PMT, [Eikl] = pC,
k is a depth number, i is a cell number in the k-depth, l = 1, 2 is the
PMT number in the ik cell, [Ci] = pC/GeV.
The basis for this electron-hadron separation is the different longi-
tudinal energy deposition for electrons and hadrons. For example, if a
100 GeV particle crosses 45 cm of the Tile calorimeter from the front face
it corresponds to 18 radiation lengths or 2.2 nuclear interaction lengths.
The amount of the deposited energy is equal to 95% for the electromag-
netic shower and only 50% for the hadronic shower [32].
Fig. 5 (left) shows the typical Ci distributions. The left peak cor-
responds to the pion events, the right peak corresponds to the electron
events.
5.2.2 Selection using lateral shower energy deposition















where 1 ≤ c ≤ Ncell, Ncell is the used cells number, α = 0.6. For example,
for the 100 GeV hadronic shower the 99% containment radius is equal to
























































Figure 5: The Ci (top-left) and Ecut (top-right) distributions and the
scatter plot Ecut versus Ci (middle). The scatter plots of Ecut vs Cˇ1 and
Ci vs Cˇ1 (bottom).
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Fig. 5 (center) shows the typical Ecut distributions. The left peak
corresponds to the pion events, the right peak corresponds to the electron
events. Fig. 5 (right) shows the scatter plot of Ecut versus Ci. The top
right region are the electron events, the bottom left region are the pion
events. These Figures allow to determine the values of the cuts and to
estimate the contaminations.
We have estimated by extrapolation of the fitted pion peak curve to
the region of the electron peak (Figs. 5) that the contamination of the
pion events in the electron events does not exceed the 0.2% level [31].
5.2.3 Rejection of muons
For the muon rejection at energies Ebeam ≥ 10 GeV we have used the cut
in the total deposited energy: Etot > Emin with Emin = 5 GeV [33]. This
cut effectively selects muons as muons loose a very small fraction of their
energy in the calorimeter.
5.2.4 Electrons selection using Cherenkov counter
At energies ≤ 20 GeV there is a bad selection of electrons by the Ci
and Ecut criteria. This situation is greatly improved by using the first
Cherenkov counter signal (cut 3).
Fig. 5 (bottom) shows the typical scatter plots of Ecut versus Cˇ1 and
Ci versus Cˇ1. As seen, electrons (left) are well selected.
5.2.5 Resultant cuts
We have used the following three cuts for the electron selection [31]: the
cut 1 is Ci > 0.9 ÷ 1.1, the cut 2 is Ecut > 0.07 ÷ 0.14, the cut 3 is
Cˇ1 > 200÷ 400.
Due to these cuts we have obtained the clean sample of the electron
events for the calibration of modules of the TileCal.
5.3 Tilecal electron response
The electron response in our calorimeter is a function of a beam energy,
and an incidence angle, and an impact point [34].
The energy response spectrum for given run (beam has the transversal
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Figure 6: The relative electron energy distributions (pC/GeV for E =
10 GeV at θ = 20◦ (top-left) and for E = 20 GeV at η = −0.15 (top-
right). The normalized electron response (Ee/Ebeam) for E = 20 GeV as
a function of impact point Z coordinate (bottom).
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The mean normalized electron responses as a function of an impact
point Z coordinate for A-cells and η scans are described by the sine
function (Fig. 6, bottom):
f(Z) = P2 + P1 sin (2piZ/P3 + P4) (5)
5.4 Test beam periods
Table 1 gives the realized Test Beam runs, exposed TileCal modules and
references of our analysis.
Table 1: Test Beam runs, Exposed TileCal modules, references of our
analysis, Figures and Tables, relevant to given Test Beam run.
No¯ TB Modules Runs Analysis Figs Tables
Extended Barrel Barrel available
1 08-2001 ANL-15 IFA-38 JINR-18 Flat [9]
2 09-2001 IFA-15 Flat [10] 19 8, 9
IFA-24
3 06-2002 ANL-08 IFA-59 JINR-34 Flat [11] 20–25 10–15
4 07-2002 ANL-44 IFA-42 JINR-55 Flat, Fit [12, 13] 26–29 16–35
5 08-2002 ANL-27 IFA-09 JINR-01 Flat [14] 30 36–41
6 06-2003 ANL-03 JINR-12 Flat, Fit [15] 31–33 42–47
ANL-23
7 07-1-2003 ANL-30 IFA-27 JINR-27 Flat, Fit [16, 17] 34–36 48–58
8 07-2-2003 ANL-36 IFA-46 JINR-54 Flat, Fit
9 08-2003 JINR-13 Flat, Fit [24, 25]
JINR-63
Figs. 19 – 36 in Appendix B show the obtained calibration constants
for various testbeam periods 2 – 7 presented in the Table 1.
The numerical values of these constants are given in Tables 8 – 58
and presented in the Appendix C.
The correspondence between production ANL, IFA, JINR modules
number and position of these EBA, EBC, LB modules in the assembled
TileCal presented in the Appendix D in the Table 59.
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6 Electromagnetic calibration of TileCal
The summary of the numerical values of the average electromagnetic
calibration constants and RMS of TileCal 19 modules (ANL-03, ANL-
08, ANL-23, ANL-27, ANL-30, ANL-44, IFA-09, IFA-15, IFA-24, IFA-27,
IFA-42, IFA-9, JINR-01, JINR-12, JINR-13, JINR-27, JINR-34, JINR-
55, JINR-63) is given in the Tables 6 and 7 in Appendix A.
For 90◦ runs, the results are presented both with the default Cs cal-
ibration (Default) and also with the individual tilerow corrections (Cor-
rected). In the former case a Cs correction factor averaging the responses
of all tile rows in a cell is applied, whereas in the latter each tile row re-
sponse is corrected by its individual Cs correction factor. The difference
is further discussed in Section 7.
All the modules (11%) have been analysed with flat filter method.
For historical reasons only a part of modules have also been analysed
with the fit method (in 2002, 2003). In addition, all this analysis is
performed without ANL-03 module in cell-scan (Test beam June 2003)
due to problems in Cs-calibration in this particular case.
Let us first compare the performance with two above mentioned en-
ergy reconstruction methods with the same modules, therefore at limited
statistics (see Section 6.1). Next, the full statistics results are presented
for the flat filter (see Section 6.2). The overall Tile calorimeter perfor-
mance with electrons in terms of the uniformity and the response angular
dependence is then discussed in Sections 7 and 7.3.
6.1 Comparison of the Flat and Fit methods results
As already mentioned above, results presented in this Section involve
only 3 testbeam periods (TB-07-2002, TB-06-2003 and first part of TB-
07-2003), where both flat filter and fit method analysis were performed.
Thus, these results represent limited statistics. Fig. 7 and Table 2 present
the average and RMS values for the electromagnetic calibration constants
with two reconstruction methods (the flat filter and the fit methods) using
the July 2002, June 2003 and fist period of July 2003 test beam data for
all modules at 20◦ with the default Cesium calibration and with the
individual tilerow correction at 90◦ using the Cesium calibration system
(see Section 7.1 for more details). The same results for separate type of
















































Figure 7: The distributions of electromagnetic calibration constants elec-
trons at θ = 20◦ (top) and at θ = 90◦ (bottom) for all modules: for the fit
method (left) and the flat filter method (right) at the limited statistics.
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Table 2: The average and the RMS values of the electromagnetic cali-
bration constants for two reconstruction methods (the flat filter and fit
methods) using the TB-07-2002, TB-06-2003 and the first period of TB-
07-2003 test beam data for all Modules at 20◦ with the default Cesium
calibration and at 90◦ with the individual tilerow correction at 90◦ using
the Cesium calibration system.
Flat Method Fit Method Flat/Fit
Θ 〈Re〉 RMS 〈Re〉 RMS 〈Re〉Flat
pC/GeV % pC/GeV % 〈Re〉Fit
20◦ 1.151±0.002 2.5±0.1 1.040±0.002 3.0±0.2 1.107±0.003
90◦ 1.187±0.003 4.1±0.2 1.068±0.003 4.0±0.2 1.111±0.004
90◦/20◦ 1.031±0.003 1.027±0.003
Table 3: The average and the RMS values of the electromagnetic cali-
bration constants for two reconstruction methods (the flat filter and fit
methods) using the TB-07-2002, TB-06-2003 and the first period of TB-
07-2003 test beam data for ANL, IFA and JINR Modules at 20◦ with the
default Cesium calibration and with the individual tilerow Cs correction
at 90◦.
Flat Method Fit Method Flat/Fit
Θ Module 〈Re〉 RMS 〈Re〉 RMS 〈Re〉Flat
pC/GeV % pC/GeV % 〈Re〉Fit
ANL 1.150 3.7±0.3 1.024 3.7±0.4 1.123
±0.006 ±0.004 ±0.006
20◦ IFA 1.147 2.6±0.2 1.041 2.0±0.2 1.102
±0.003 ±0.004 ±0.005
JINR 1.156 2.3±0.1 1.042 3.1±0.2 1.109
±0.002 ±0.003 ±0.003
ANL 1.182 3.9±0.4 1.052 3.7±0.4 1.124
±0.007 ±0.005 ±0.007
90◦ IFA 1.203 5.5±0.4 1.081 5.3±0.5 1.113
±0.009 ±0.008 ±0.009
JINR 1.183 3.2±0.2 1.071 3.3±0.2 1.105
±0.004 ±0.004 ±0.005
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The electron calibration constants for 20◦ and 90◦ obtained with the
flat filter method are systematically higher than those obtained with the
fit method by about 11%. This difference has no direct impact on the
calorimeter performance once the respective factors are applied.
The calibration constants differ for 20◦ and 90◦ as also demonstrated
in Table 2. This feature is further discussed in Section 7.3.
6.2 Results on the full statistics
In Section 6.1 we compared the results obtained with the flat filter and
fit methods for a subset of the modules, where both analysis have been
performed. The results presented in this section involve all modules
exposed to particle beams, due to historical reasons (see Section 6.1)
they are obtained with the flat filter only.
Figs. 8, 9 and Table 4 present the average and RMS values of the
electromagnetic calibration constants with the flat filter reconstruction
method using data from test beam periods TB-09-2001 – TB-07-1-2003
(see Table 1) for the ANL, IFA, JINR modules and all modules at 20◦
with the default Cesium calibration and with the individual tilerow Cs-
correction at 90◦ (see Section 7.1 for more details).
Table 4: The average and RMS values of all electromagnetic calibration
constants, extracted from Figs. 8 – 9, using the flat method for JINR,
ANL, IFA and all modules at 20◦ (without ANL-03 module) and at 90◦.
20◦ 90◦ 90◦/20◦
Module 〈Re〉 RMS 〈Re〉 RMS 〈Re〉90◦
pC/GeV % pC/GeV % 〈Re〉20◦
ANL 1.150 3.4±0.3 1.190 4.2±0.3 1.034
±0.005 ±0.005 ±0.006
IFA 1.147 2.6±0.2 1.195 4.9±0.3 1.042
±0.003 ±0.005 ±0.06
JINR 1.156 2.3±0.1 1.192 3.0±0.1 1.031
±0.002 ±0.002 ±0.003



















































Figure 8: The distributions of the electromagnetic calibration constants
at θ = 20◦ obtained using the flat filter method for JINR, ANL, IFA and














































Figure 9: The distributions of the electromagnetic calibration constants
at θ = 90◦ obtained using the flat filter method for JINR, ANL, IFA and
all modules (bottom-right) at the full statistics.
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The mean calibration constant and RMS for all modules amounts to
1.154 ± 0.002 pC/GeV and 2.6 ± 0.1% for the 20◦ electron beams. The
RMS values for individual module families are shown in Table 4. The
worse uniformity of ANL modules for 20◦ electron beam is due to the
way the tiles were pre-selected for the module instrumentation3.
6.3 Weighted averages for individual modules
The distributions of the average electromagnetic calibration constants
for the fit method at 20◦ and 90◦ as a function of a module are shown in
Fig. 10 (limited statistics).
Fig. 10 (top) demonstrates the mean electromagnetic calibration con-
stants for separate modules for the fit method at 20◦ as a function
of a module number. The weighted average value is equal to 1.033 ±
0.004 pC/GeV, the upper spread is 0.5%, the lower one is 2.6% (without
the ANL-03 module).
Fig. 10 (bottom) shows the mean electromagnetic calibration con-
stants for separate modules for the fit method at 90◦ as a function of a
module. The weighted average value is equal to 1.068± 0.005 pC/GeV,
the upper spread is 3.3%, the lower one is 3.4%.
The distributions of the weighted average electromagnetic calibration
constants for the flat filter method at 20◦ and 90◦ as a function of a
module are shown in Fig. 11.
Fig. 11 (top) demonstrates the mean electromagnetic calibration con-
stants for separate modules for the flat filter method at 20◦ as a function
of a module. The weighted average value is equal to 1.153±0.003 pC/GeV,
the upper spread is 1.6%, the lower one is 3.0% (without the ANL-03
module).
Fig. 11 (bottom) shows the mean electromagnetic calibration con-
stants for separate modules for the flat filter method at 90◦ as a func-
tion of a module without (circles) and with the individual Cs tilerow
correction (squares). The weighted average value is equal to 1.196 ±
0.003 pC/GeV, the upper spread is 2.2%, the lower one is 4.7%.
For determining of the weighted average values we have fitted these
distributions by straight lines. If χ2/(N−1) of the fit is greater than unit
3The best quality tiles were used in the barrel modules, the medium quality ones in
IFA modules. The tiles used in ANL modules thus represent the lower tail of optical
































Figure 10: Top: The mean electromagnetic calibration constants for the
fit method at 20◦ as a function of a module. Bottom: The mean electro-
magnetic calibration constants for the fit method at 90◦ as a function of
a module: open circles – with the default Cs calibration, open squares –































Figure 11: Top: The mean electromagnetic calibration constants for the
flat filter method at 20◦ as a function of a module. Bottom: The mean
electromagnetic calibration constants for the flat filter method at 90◦ as
a function of a module: open circles – with the default Cs calibration,
open squares – with the individual Cs tilerow correction.
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(N is the number of experimental points) we increase the error obtained
from the fit by a scale factor S defined as S =
√
χ2/(N − 1) according to
the procedure given in Review of Particle Physics [37]. So, the weighted
average values for all modules agree with the average calibration con-
stants for separate modules within the errors.
Summary of the weighted average values of electromagnetic calibra-
tion constants extracted from Figs. 10, 11 are given in Table 5.
Table 5: The weighted average electromagnetic calibration constants
(pC/GeV) and the ratios of 90◦/20◦ and Flat/Fit methods.
Θ Flat Method Fit Method Flat/Fit
20◦ 1.153±0.003 1.033±0.004 1.116±0.005
90◦ 1.195±0.003 1.068±0.005 1.119±0.006
90◦/20◦ 1.036±0.004 1.034±0.006
The calibration constants for 90◦ are larger than the corresponding
ones for 20◦. This is explained by the transition effect [18, 40]. The
90◦/20◦ ratios are equal to 1.036 ± 0.004 and 1.034 ± 0.006 for the flat
and fit methods.
The calibration constants for the flat method are greater than the
corresponding ones for the fit method. The flat/fit ratios are equal to
1.116± 0.005 and 1.119± 0.006 for 20◦ and 90◦. Using these values it is
possible to transfer constants obtained by one method to corresponding
constants obtained by other method.
7 Uniformity
The electromagnetic calibration constants, as obtained during all test-
beam periods, were presented in Sections 6.1 and 6.2. The uniformity
issues are addressed in this Section.
7.1 Uniformity at 20◦ and 90◦
The RMS of the electromagnetic calibration constants at 90◦ with default
Cs calibration is bigger than that at 20◦ (see Table 7 in Appendix A).
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This difference reflects the cell readout structure. Since the electromag-
netic showers initiated by 20◦ electron beams hit all tilerows in the im-
pact cells, the tilerow-to-tilerow variations are averaged over in the sum.
This is not the case of the 90◦ beams, where only the impact tilerow
contributes to the measured signal.
The Cs calibration correction are applied to account for the tilerow-
to-tilerow response variations in a cell for the 90◦ beams. The following
formula is used:






e ) is an electromagnetic calibration constant for given
tilerow with the default cesium calibration (with the individual tilerow
correction). Amean is the mean amplitude of the cesium calibration for
given cell, Ai is the amplitude of the cesium calibration for given tilerow
in a cell, i = 1, n, where n is a number of tilerow in a cell. The values of Ai
were taken from the TileCal Cs-calibration data base [35]. The changes of
the average calibration constants after this correction are small. However,
the RMS improves when the individual tilerow corrections are applied
(see Section 7.1.1).
7.1.1 Example of an impact of the individual tilerow
Cs-corrections
Let us demonstrate the impact of the individual tilerow Cs-corrections
for the module JINR-34 as an example. Fig. 12 shows the distributions
of the electromagnetic calibration constants for the flat filter method for
this module at 20 and 180 GeV at 90◦. One can see the larger spread
of the constants (RMS = 3.4± 0.5%) in the negative part of the module
in comparison with the positive part (RMS = 1.5 ± 0.2%). After ap-
plying the above-mentioned corrections the spreads became equal within
the errors — 1.9 ± 0.3% and 1.6 ± 0.2%, respectively (see Table 7 in
Appendix A).
7.1.2 Uniformity at the module level
Let us demonstrate the module-to-module uniformity using the averages
of calibrations constants obtained at 20◦ and 90◦. Keep in mind that




























Figure 12: The electromagnetic calibration constants for JINR-34 (TB-
06-2002) at 20 GeV (top) and 180 GeV (bottom) at 90◦ as a function
of a tilerow number for the flat filter method [11]. The open circles are
calibration constants with the default Cs calibration, the open squares –
with the individual Cs tilerow correction.
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one half of all 11% modules tested with beams) as already mentioned in
Section 6.1.
The RMS values of the electromagnetic calibration constants for the
flat filter method at 20◦ and 90◦ as a function of a module number are
given in Table 6 and shown in the Fig. 13. The RMS values at 20◦ in
average equal to 1.9± 0.1% and are systematically smaller than those at












Figure 13: The RMS (%) values of the electromagnetic calibration con-
stants for the flat filter method at 20◦ (black stars) and a 90◦ (open circles
– with the default Cs calibration, open squares – with the individual Cs
tilerow correction) as a function of a module number.
The RMS values for the electromagnetic calibration constants for the
fit method at 20◦ and 90◦ as a function of a module number are shown on
the Fig. 14. The RMS values at 20◦ in average equal to 2.1±0.2% and are
systematically smaller than those at 90◦ (average equal to 3.1 ± 0.3%).
These results at limited statistics agree with those obtained with flat
filter at full statistics.
7.1.3 Uniformity at the cell level
The summary of the cell-to-cell uniformity can be deduced from the












Figure 14: The RMS values (%) of the electromagnetic calibration con-
stants for the fit method at 20◦ (black stars) and at 90◦ (open circles –
with the default Cs calibration, open squares – with the individual Cs
tilerow correction) as a function of a module number.
The same quantities can also be derived from Figures 7, 8, 9.
Taking into account only the results with full statistics, the uniformity
amounts to 2.6± 0.1% at 20◦ and 3.9± 0.1% at 90◦ (after the individual
tilerow Cs-corrections).
The results shown in Table 7 (see Appendix A) clearly indicate that
the individual tilerow Cs-corrections have an appreciable effect on the
resulting RMS only in the barrel modules (JINR: RMS = 2.2 ± 0.2%),
but not in extended barrel ones (ANL: RMS = 4.2± 0.4%, IFA: RMS =
4.1± 0.4%). The worse correlation electron/cesium in the extended bar-
rel modules can be explained by the fact that extended barrel modules
have much deeper cells (as seen at 90◦) and the electromagnetic shower
reaches only part of the cell. The cell non-uniformities due to optics and
instrumentation effects are only partially seen by electrons (the electron
shower extends to a part of the cell), while the cesium takes into account
all the tiles inside the cell.
28
7.1.4 Interpretation of RMS values
The results of the instrumentation of the TileCal production modules are
summarized in Ref. [36]. The reported average tile-to-tile non-uniformity
for barrel modules amounts to approximately RMSunif = 6%.
According to [37], 90% of the electromagnetic shower energy is con-
tained inside of a cylinder with the Moliere radius RM . In our case
RM = 20.5 mm [38] and a period of the calorimeter containing one scin-
tillator tile is 18 mm. The most of an electromagnetic shower passes
only N = 6 tiles from typically 48 available in an A-cell. Thus, RMS =
RMSunif√
N
= 2.4%. This number should be compared with the measured
non-uniformity for 20◦ electron beams RMS = 2.6± 0.1%.
7.1.5 Comparison with muons results
The non-uniformity observed with electrons at 90◦ can be compared to
that observed with muons. Fig. 15 (left) shows the mean muon response
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Figure 15: Left: Muon response over all tile row segments with RMS
equal to 4% [39]. Right: Muon signal corrected to Cs for individual tile
row responses in a given cell with RMS equal to 3% [39].
over all tilerow segments without individual tilerow correction. In this
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case the RMS is equal to 4% [39]. Fig. 15 (right) shows the mean muon
response over all tilerow segments with individual tilerow correction. In
this case the RMS is equal to 3% [39]. As can be seen from Fig. 15 (right)
and Fig. 14 the RMS spreads for muons and electrons are similar only for
barrel modules. Unlike electrons, no major difference is observed between
muon/Cs in barrel modules (smaller cells) and extended barrel modules
(large cells), since both muon and Cs signals are integrated along whole
cell.
7.2 Asymmetry of the positive and negative parts
of barrel modules
We have investigated the asymmetry of the negative (η < 0) and po-
sitive (η > 0) parts of barrel modules. The results, the differences ∆em
between the corresponding calibration constants, are shown in Fig. 16.
As one can see, these differences are equal to 0 within the errors. So, the
asymmetry in calibration constants is absent.
7.3 Angular effect
The electron calibration constants obtained with the flat filter method at
90◦ are systematically higher than those obtained at 20◦ by about 3.5%
(see Table 4). Therefore, the dependence of the electron response on the
impact angle were studied in more detail.
The η-projective electron data were used for this purpose. As shown
in Fig. 17, the electromagnetic calibration constant increases with the
impact angle. The experimental data match the Monte-Carlo results
and suggest that the dependence is due to the transition effect [18, 40].
In particular, it explains the difference between the calibration constants
at 20◦ and 90◦. The electron calibration constants are well described by
the formula:
Rexp = (1.068± 0.012) + (0.028± 0.004) · log (Θ) . (7)
One can use eventually this formula for calibration constant as function

































Figure 16: The asymmetry between the average calibration constants in
negative and positive sides of barrel module at 20◦ (top) and 90◦ (bottom)
for the flat filter method (open circles – the default Cs calibration, open
squares – the individual tilerow correction) and the fit method (open
diamonds – the default Cs calibration, open stars – the individual tilerow













Figure 17: The electromagnetic calibration constants as a function of
an impact angle. Experimental points are black squares. The GEANT4
(version 6.2) Monte-Carlo calculations for the TileCal test beam setup
are indicated in open circles. The Monte-Carlo data normalized to 90◦
experimental result. The curve is the result of the fit experimental results
by the formula (7).
7.4 Global calibration constant
The weighted average electromagnetic calibration constants from Table
5 coincide within the errors with the corresponding values obtained from
the distributions of all electromagnetic calibration constants shown in
Tables 4 (flat filter, full statistics) and 2 (fit method, limited statistics).
Finally, we present the global constants which should be used for the
electromagnetic calibration of the ATLAS Tile hadronic calorimeter data
in the ATHENA framework [41]. These constants are equal to 1.15 in
the case of the flat filter method and 1.04 for the fit one.
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7.5 Comparison to pions response uniformity
The data from the different test beams have been used to look at the
calorimeter hadronic response homogeneity after the modules have been
intercalibrated with the Cs source. In this study [42] it is shown that
the global uniformity of the TileCal modules is about 1.2 ± 0.2% over
several η impact points (see Fig. 18). This result is in good agreement
with uniformity for hadrons equal to 1.4± 0.4% presented in Ref. [43].
The uniformity for pions is much better than for electrons, since the
hadronic shower are much extensive (broader and deeper) than the elec-
tromagnetic ones and thereby are not so sensitive to the discrete calorime-
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Figure 18: Calorimeter response inhomogeneity: dispersion of relative re-
sponses, R(η)/(Rmean−1), for |η| < 0.6, the Test Beam data of June/July
2002 and July 2003 were used (left) and the RMS of mean response as a




We have determined the electromagnetic calibration constants of 11%
TileCal modules exposed to electron beams with incident angles of 20◦
and 90◦. The gain of all the calorimeter cells have been pre-equalized
using the radioactive Cs-source that will be also used in situ. The av-
erage values for these modules are equal to: for the flat filter method
1.154±0.002 pC/GeV and 1.192±0.002 pC/GeV for 20◦ and 90◦, for
the fit method 1.040±0.002 pC/GeV and 1.068±0.003 pC/GeV, respec-
tively. These average values for all cells of calibrated modules agree with
the weighted average calibration constants for separate modules within
the errors. Using the individual calibration constants for every mod-
ule the RMS spread value of constants will be 1.9±0.1%. In the case
of the global constant this value will be 2.6±0.1%. Finally, we present
the global constants which should be used for the electromagnetic cali-
bration of the ATLAS Tile hadronic calorimeter data in the ATHENA
framework. These constants are equal to 1.15 pC/GeV in the case of the
flat filter method and 1.04 pC/GeV for the fit one.
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Table 6: The summary of the average electromagnetic calibration con-
stants in (pC/GeV) for ANL, IFA and JINR modules exposed to electron
beams. (Symbols n and p denote negative (η < 0) and positive (η > 0)
parts of barrel modules.)
Mod. Flat method Fit method
20◦ 90◦ 20◦ 90◦
Default Corrected Default Corrected
ANL-03 1.083±0.017 1.194±0.017 1.195±0.012 0.976±0.018 1.054±0.014 1.054±0.014
ANL-08 1.142±0.009 1.199±0.015 1.193±0.011
ANL-23 1.119±0.009 1.181±0.020 1.181±0.012 1.007±0.006 1.057±0.018 1.057±0.012
ANL-27 1.170±0.005 1.208±0.015 1.209±0.013
ANL-30 1.142±0.009 1.181±0.010 1.180±0.009 1.023±0.007 1.036±0.011 1.035±0.012
ANL-44 1.161±0.007 1.187±0.009 1.183±0.009 1.038±0.007 1.061±0.007 1.058±0.006
ANL 1.150±0.005 1.194±0.006 1.190±0.005 1.024±0.004 1.054±0.006 1.052±0.005
IFA-09 1.130±0.010 1.210±0.011 1.209±0.012
IFA-15 1.154±0.005 1.169±0.016 1.169±0.013
IFA-24 1.154±0.005 1.142±0.016 1.140±0.013
IFA-27 1.120±0.008 1.174±0.013 1.161±0.011 1.016±0.005 1.046±0.012 1.034±0.010
IFA-42 1.160±0.004 1.225±0.011 1.223±0.011 1.046±0.004 1.106±0.009 1.104±0.008
IFA-59 1.136±0.011 1.199±0.008 1.199±0.009
IFA 1.147±0.003 1.195±0.006 1.203±0.006 1.041±0.004 1.086±0.008 1.081±0.008
JINR-01n 1.172±0.007 1.186±0.017 1.192±0.010
JINR-01p 1.171±0.007 1.204±0.011 1.210±0.006
∆(n-p) 0.001±0.010 -0.018±0.020 -0.018±0.012
JINR-12n 1.127±0.009 1.172±0.019 1.183±0.009 1.020±0.010 1.046±0.012 1.056±0.008
JINR-12p 1.155±0.012 1.181±0.014 1.179±0.012 1.028±0.009 1.063±0.012 1.061±0.016
∆(n-p) -0.028±0.015 -0.009±0.024 0.004±0.015 -0.008±0.013 -0.017±0.017 -0.005±0.018
JINR-13∗ 1.196±0.005 1.232±0.009 1.021±0.005 1.054±0.008
JINR-27n 1.151±0.004 1.177±0.012 1.172±0.010 1.033±0.004 1.050±0.011 1.045±0.009
JINR-27p 1.152±0.004 1.186±0.008 1.186±0.008 1.032±0.006 1.061±0.008 1.061±0.010
∆(n-p) 0.001±0.006 -0.009±0.014 -0.014±0.013 0.001±0.007 -0.011±0.014 -0.016±0.013
JINR-34n 1.162±0.004 1.196±0.009 1.199±0.005
JINR-34p 1.151±0.005 1.211±0.004 1.210±0.003
∆(n-p) 0.011±0.006 -0.016±0.010 -0.011±0.006
JINR-55n 1.161±0.004 1.192±0.008 1.194±0.008 1.052±0.005 1.087±0.007 1.089±0.006
JINR-55p 1.147±0.003 1.179±0.007 1.176±0.005 1.047±0.005 1.076±0.007 1.075±0.004
∆(n-p) 0.014±0.005 0.013±0.011 0.018±0.009 0.005±0.007 0.011±0.010 0.014±0.007
JINR-63 1.200±0.005 1.258±0.008 1.036±0.005 1.078±0.007
JINR 1.156±0.002 1.191±0.003 1.192±0.002 1.042±0.003 1.071±0.004 1.071±0.004
ALL 1.154±0.002 1.195±0.003 1.192±0.002 1.040±0.002 1.071±0.003 1.068±0.003
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Table 7: The summary of the RMS values for the electromagnetic cali-
bration constants in (%) for the ANL, IFA and JINR modules exposed
to electron beams.
Module Flat method Fit method
20◦ 90◦ 20◦ 90◦
Default Corrected Default Corrected
ANL-03 3.3±1.1 4.7±1.0 4.1±1.0 4.3±1.3 4.6±0.9 4.2±0.9
ANL-08 3.1±0.6 6.1±0.9 4.5±0.7
ANL-23 1.5±0.6 5.7±1.2 3.2±0.8 1.7±0.4 5.9±1.2 3.3±0.8
ANL-27 1.3±0.3 5.8±0.9 4.5±0.7
ANL-30 1.7±0.6 3.2±0.6 2.8±0.6 1.6±0.5 3.5±0.7 4.2±0.8
ANL-44 3.0±0.4 4.9±0.5 4.3±0.5 3.0±0.5 3.7±0.5 3.3±0.4
ANL 3.4±0.3 5.3±0.4 4.2±0.3 3.7±0.4 3.8±0.4 3.7±0.4
IFA-09 3.0±0.6 4.2±0.7 4.2±0.7
IFA-15 1.3±0.3 4.0±0.9 3.7±0.8
IFA-24 1.4±0.3 4.2±0.9 3.0±0.8
IFA-27 1.8±0.5 4.4±0.7 3.8±0.6 0.8±0.4 4.7±0.8 4.4±0.7
IFA-42 1.7±0.2 5.6±0.5 5.4±0.5 1.8±0.2 4.5±0.5 4.3±0.5
IFA-59 3.6±0.7 3.4±0.5 3.4±0.5
IFA 2.6±0.2 4.9±0.3 4.9±0.3 2.0±0.2 5.3±0.5 5.3±0.5
JINR-01n 2.8±0.4 6.4±1.0 3.6±0.6
JINR-01p 2.5±0.4 4.1±0.6 1.9±0.3
JINR-12n 2.8±0.5 4.6±1.1 2.7±0.5 2.7±0.7 3.8±0.8 1.8±0.5
JINR-12p 3.1±0.7 3.6±0.9 3.3±0.7 2.4±0.6 3.8±0.8 4.5±1.1
JINR-27n 1.6±0.3 3.7±0.7 3.2±0.6 2.1±0.3 3.7±0.7 3.2±0.6
JINR-27p 1.3±0.2 2.4±0.5 2.7±0.5 2.3±0.4 2.5±0.5 3.1±0.6
JINR-34n 1.8±0.2 3.4±0.5 1.9±0.3
JINR-34p 2.1±0.3 1.5±0.2 1.6±0.2
JINR-55n 2.0±0.2 3.9±0.5 3.8±0.5 3.0±0.3 3.5±0.4 3.2±0.4
JINR-55p 1.9±0.2 3.4±0.4 2.6±0.3 3.3±0.4 3.7±0.5 2.1±0.3
JINR 2.3±0.1 3.9±0.2 3.0±0.1 3.1±0.2 3.7±0.3 3.3±0.2
ALL 2.6±0.1 4.5±0.2 3.9±0.1 3.0±0.1 4.3±0.2 4.0±0.2
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B Figures for individual test beam periods














Figure 19: The electromagnetic calibration constants for TB-09-2001 for
the extended barrel modules IFA-15 (EBM+) and IFA-24 (EBM+) at
180 GeV for 90◦ for the flat filter method as a function of a tilerow
number [9].
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Figure 20: The electromagnetic calibration constants for TB-06-2002 at
20 GeV for 20◦ as a function of a A-cell number for IFA-59 (EBM+),














Figure 21: The electromagnetic calibration constants for TB-06-2002 at
100 GeV for 20◦ as a function of a A-cell number for IFA-59 (EBM+),














Figure 22: The electromagnetic calibration constants for TB-06-2002 at
180 GeV for 20◦ as a function of a A-cell number for IFA-59 (EBM+),













Figure 23: The electromagnetic calibration constants for TB-06-2002 at
20 GeV for 90◦ as a function of a tile number for IFA-59 (EBM+),













Figure 24: The electromagnetic calibration constants for TB-06-2002 at
100 GeV for 90◦ as a function of a tile number for IFA-59 (EBM+),













Figure 25: The electromagnetic calibration constants for TB-06-2002 at
180 GeV for 90◦ as a function of a tile number for IFA-59 (EBM+),
ANL-08 (EBM−) and JINR-34 (BM±) for the flat filter method [11].
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B.3 Test beam: 07-2002
Figure 26: The distributions of the calibration constants for TB-07-2002
at θ = 20◦ for the fit method for all energies of ANL-44 (EBM−, up-left),
IFA-42 (EBM+, up-right), JINR-55− (BM−, middle-left) and JINR-55+
(BM+, middle-right), for all energies for these modules for the fit method








































Figure 27: The distributions of the calibration constants for TB-07-2002
at θ = 90◦ for the fit method for all energies of ANL-44 (up-left), IFA-42
(up-right), JINR-55− (middle-left) and JINR-55+ (middle-right), for all
energies for these modules for the fit method (down-left) and the flat
filter method (down-right) [13].
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Figure 28: The distributions of the electromagnetic calibration constants
(TB-07-2002) for the flat filter method at θ = 20◦ for all energies of
ANL-44 (up-left), IFA-42 (up-right), JINR-55− (down-left) and JINR-
55+ (down-right) modules [12].
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Figure 29: The distributions of the electron calibration constants (TB-
07-2002) for the flat filter method at θ = 90◦ of ANL-44 (up-left), IFA-42
(up-right), JINR-55− (down-left) and JINR-55+ (down-right) [12].
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Figure 30: The electromagnetic calibration constants for TB-08-2002 at
180 GeV for 20◦ as a function of a A-cell number for IFA-09 (EBM+),
ANL-27 (EBM−) and JINR-01 (BM±) for the flat filter method [14].















Figure 31: The electromagnetic calibration constants for TB-06-2003 at
180 GeV for 20◦ as a function of a A-cell number for ANL-03 (EBM+),
ANL-23 (EBM−) and JINR-12 (BM±). FFM — the flat filter method.














Figure 32: The electromagnetic calibration constants for TB-06-2003 at















Figure 33: The electromagnetic calibration constants for TB-06-2003 at
180 GeV for 90◦ as a function of a tilerow number for ANL-03 (EBM+)
and ANL-23 (EBM−). FFM — the flat filter method. LSFM — the fit
method [15].
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B.6 Test beam: 07-1-2003
Figure 34: The electromagnetic calibration constants for JINR-27 Mod-
ule for 100 GeV at 20◦ as a function of a A-cell number (TB-07-1-2003)
[17].
Figure 35: The electromagnetic calibration constants for JINR-27 Mod-
ule for 180 GeV at 20◦ as a function of a A-cell number (TB-07-1-2003)
[17].
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Figure 36: The distribution of the electromagnetic calibration constants
for the TB-07-1-2003 at θ = 20◦ for all energies for the modules of ANL-
30, IFA-27 and JINR-27 for the flat filter method [17].
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C Tables for individual test beam periods
C.1 Test beam: 09-2001
Table 8: The calibration constants (pC/GeV) for the flat filter method
at θ = 20◦ for the EBM: IFA-15 (A+12 ÷ A+16) and IFA-24 (A−12 ÷
A−16) (TB-09-2001) [10].











A−14 1.147±0.004 1.139±0.001 1.164±0.004
A−15 1.137±0.004 1.130±0.001 1.142±0.004
A−16 1.137±0.001 1.172±0.004
mean 1.155±0.006 1.135±0.002 1.164±0.003
mean2 1.151±0.006
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Table 9: The 180 GeV electron calibration constants in pC/GeV for
various tiles at θ = 90◦.













(∗) The electromagnetic calibration constants for
tilerows 8 – 11 (cell D6) are systematically smaller
than average for module IFA-24.
C.2 Test beam: 06-2002
Table 10: The calibration constants (pC/GeV) for the TileCal Extended
Barrel Modules “ANL-08” (η < 0) and “IFA-59” (η > 0) at θ = 20◦
obtained using the flat filter method (TB-06-2002) [11]. Accuracy of
constants is 0.005.
20 GeV 100 GeV 180 GeV 20 GeV 100 GeV 180 GeV
Cell EBM− (ANL-08) EBM+ (IFA-59)
12 1.172 1.126 1.122 1.160 — 1.124
13 1.182 1.167 1.157 1.155 1.007 1.111
14 1.146 1.185 1.033 1.171 1.187 1.150
15 1.131 1.155 1.144 1.151 1.128 1.130
16 1.131 1.154 1.132 1.156 1.130 1.138
mean 1.15 1.16 1.14 1.16 1.13 1.13
±0.01 ±0.03 ±0.01 ±0.01 ±0.03 ±0.01
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Table 11: The calibration constants (pC/GeV) for the TileCal Barrel
Module “JINR-34” at θ = 20◦ obtained using the flat filter method (TB-
06-2002) [11]. Accuracy of constants is 0.005.
20 GeV 100 GeV 180 GeV 20 GeV 100 GeV 180 GeV
Cell BM− (JINR-34) BM+ (JINR-34)
1 1.154 1.135 1.128 1.091 1.093 1.165
2 1.176 1.147 1.174 1.142 1.117 1.172
3 1.176 1.174 1.169 1.186 1.141 1.162
4 1.162 1.151 1.142 1.161 1.160 1.115
5 1.184 1.193 1.190 1.172 1.129 1.135
6 1.173 1.207 1.197 1.153 1.149 1.144
7 1.191 1.156 1.169 1.183 1.178 1.177
8 1.157 1.139 1.142 1.146 1.144 1.142
9 1.160 1.141 1.153 1.195 1.149 1.146
10 1.152 1.136 1.137 1.166 1.166 1.160
mean 1.17 1.16 1.16 1.16 1.14 1.15
±0.01 ±0.01 ±0.01 ±0.01 ±0.01 ±0.01




TileCal High Gain Low Gain
Module (20 GeV) (100 GeV) (180 GeV)
ANL-08: EBM− 1.15± 0.01 1.16± 0.03 1.14± 0.01
IFA-59: EBM+ 1.16± 0.01 1.13± 0.03 1.13± 0.01
JINR-34: BM− 1.17± 0.01 1.16± 0.02 1.16± 0.01
BM+ 1.16± 0.01 1.14± 0.02 1.15± 0.01
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Table 13: The calibration constants (pC/GeV) for the EBM “ANL-08”
and “IFA-59” at θ = 90◦ obtained using the flat filter method (TB-06-
2002) [11]. Accuracy of constants is 0.005.
20 GeV 100 GeV 180 GeV 20 GeV 100 GeV 180 GeV
Tile EBM− (ANL-08) EBM+ (IFA-59)
1 1.168 — 1.183 1.205 — 1.207
2 1.282 1.297 1.288 1.213 1.232 1.234
3 1.134 — 1.147 1.171 — 1.194
4 1.262 — 1.246 1.179 — 1.197
5 1.245 1.262 1.261 1.178 1.198 1.196
6 1.254 — 1.128 1.243 — 1.262
7 1.182 — 1.174 1.196 — 1.234
8 1.231 — 1.215 1.196 — 1.190
9 1.150 — 1.162 1.247 — 1.264
10 1.236 1.226 1.226 1.165 1.176 1.179
11 1.008 — 1.019 1.153 — 1.064
mean 1.185 1.260 1.177 1.196 1.203 1.203
±0.026 ±0.021 ±0.024 ±0.009 ±0.016 ±0.017
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Table 14: The calibration constants (pC/GeV) for the Barrel Module
“JINR-34” at θ = 90◦ obtained using the flat filter method (TB-06-2002)
[11]. Accuracy of constants is 0.005.
20 GeV 100 GeV 180 GeV 20 GeV 100 GeV 180 GeV
Tile BM− (JINR-34) BM+ (JINR-34)
1 1.196 — 1.178 1.203 1.253 1.229
2 1.276 1.248 1.263 1.225 1.252 1.242
3 1.201 — 1.199 1.211 1.229 1.218
4 1.252 — 1.258 1.202 1.200 1.193
5 1.167 1.162 1.169 1.222 1.223 1.210
6 1.157 — 1.202 1.208 1.211 1.206
7 1.162 — 1.164 1.221 1.223 1.218
8 1.186 — 1.171 1.196 1.204 1.198
9 1.153 — 1.143 1.198 1.198 1.188
10 1.245 1.212 1.227 1.217 1.190 1.189
11 1.155 — 1.142 1.227 1.190 1.181
mean 1.193 1.205 1.190 1.212 1.216 1.207
±0.013 ±0.025 ±0.012 ±0.004 ±0.008 ±0.006
Table 15: Mean Calibration Constants (pC/GeV) for TileCal Modules
ANL-08, IFA-59 and JINR-34 at 90◦ (TB-06-2002).
Calibration Constants
(pC/GeV)
TileCal High Gain Low Gain
Module (20 GeV) (100 GeV) (180 GeV)
ANL-08: EBM− 1.185± 0.026 1.260± 0.021 1.177± 0.024
IFA-59: EBM+ 1.196± 0.009 1.203± 0.016 1.203± 0.017
JINR-34: BM− 1.193± 0.013 1.205± 0.025 1.190± 0.012
BM+ 1.212± 0.004 1.216± 0.008 1.207± 0.006
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C.3 Test beam: 07-2002
C.3.1 The Fit Method results
Table 16: The calibration constants (pC/GeV) for the extended bar-
rel module EBM− (ANL-44) at θ = 20◦ (TB-07-2002),the fit method.
Accuracy of constants is 0.005.
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A−12 1.068 1.062 1.069 1.036 1.035
A−13 1.076 1.048 1.039 1.019 1.036
A−14 1.019 1.017 0.958 0.992 1.008
A−15 1.022 1.025 1.010 1.007 1.022
A−16 1.086 1.088 1.063 1.063 1.075
mean 1.054 1.048 1.028 1.023 1.035
±0.014 ±0.013 ±0.018 ±0.012 ±0.011
RMS, % 3.1±1 2.9±0.9 4.1±1.3 2.7±0.9 2.5±0.8
Table 17: The calibration constants (pC/GeV) for the extended bar-
rel module EBM+ (IFA-42) at θ = 20◦ (TB-07-2002), the fit method.
Accuracy of constants is 0.005.
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A+12 1.078 1.075 1.060 1.048
A+13 1.057 1.054 1.060 1.040 1.052
A+14 1.061 1.060 1.051 1.029 1.041
A+15 1.047 1.045 1.023 0.993 1.004
A+16 1.048 1.055 1.045 1.025 1.043
mean 1.058 1.058 1.048 1.027 1.035
±0.006 ±0.005 ±0.007 ±0.009 ±0.11
RMS, % 1.3±0.4 1.1±0.3 1.5±0.5 2.1±0.7 2.1±0.8
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Table 18: The calibration constants (pC/GeV) for the BM− (JINR-55)
barrel module at θ = 20◦ (TB-07-2002), the fit method. Accuracy of
constants is 0.005.
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A−1 1.075 1.060 1.036 1.032 1.027
A−2 1.050 1.040 1.024 1.009 1.016
A−3 1.078 1.070 1.060 1.053 1.057
A−4 1.091 1.076 1.048 1.055 1.042
A−5 1.105 1.096 1.070 1.054 1.075
A−6 1.105 1.105 1.097 1.104 1.074
A−7 1.081 1.069 1.045 1.030 1.032
A−8 1.083 1.074 1.050 1.018 1.039
A−9 1.051 1.043 1.021 1.012 1.033
A−10 1.052 1.035 1.000 0.971 0.966
mean 1.077 1.067 1.045 1.034 1.0360
±0.006 ±0.007 ±0.009 ±0.011 ±0.010
RMS, % 2.1±0.6 2.3±0.5 2.7±0.6 3.6±0.8 3.1±0.7
Table 19: The calibration constants (pC/GeV) for the BM+(JINR-55)
barrel module at θ = 20◦ (TB-07-2002), the fit method. Accuracy of
constants is 0.005.
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A+1 1.064 1.048 1.045 1.017 1.006
A+2 1.065 1.077 1.026 1.026
A+3
A+4 1.062 1.022 0.989 0.987
A+5 1.076 1.056 1.039 1.030 1.036
A+6 1.073 1.058 1.047 1.037 1.033
A+7 1.082 1.063 1.047 1.024 1.027
A+8 1.054 1.031 1.025 1.001 1.006
A+9 1.100 1.122 1.177
A+10 1.080 1.056 1.048 1.005 1.048
mean 1.073 1.059 1.041 1.016 1.021
±0.005 ±0.010 ±0.004 ±0.006 ±0.007
RMS, % 1.3±0.3 2.7±0.6 0.8±0.2 1.6±0.6 2.0±0.5
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Table 20: The calibration constants (pC/GeV) for the extended barrel
module EBM− (ANL-44) for η scan (TB-07-2002), the fit method.
η 10 GeV 20 GeV 180 GeV
−1.05 1.050 1.055 1.048
−1.15 1.034 1.035 1.023
−1.25 1.025 1.032 1.038
−1.35 1.089 1.093 1.077
−1.45 1.044 1.045
mean 1.050±0.014 1.052±0.011 1.048±0.009
RMS, % 2.8±1.0 2.5±0.8 2.0 ±0.6
Table 21: The calibration constants (pC/GeV) for the extended barrel
EBM+ (IFA-42) for η scan (TB-07-2002), the fit method.
η 10 GeV 20 GeV 180 GeV
1.05 0.988 0.998 1.023
1.15 0.997 1.004 1.000
1.25 1.067 1.071 1.086
1.35 1.005 1.016 1.033
mean 1.014±0.018 1.022±0.017 1.035±0.018
RMS, % 3.6±1.3 3.3±1.2 3.7±1.3
60
Table 22: The calibration constants (pC/GeV) for the BM− (JINR-55)
barrel module for η scan (TB-07-2002), the fit filter method. Accuracy
of constants is 0.005.
η 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
−0.05 1.057 1.035 1.018 1.171 1.103
−0.15 1.051 1.039 1.051 1.162
−0.25 1.084 1.075 1.067 1.012 1.040
−0.35 1.068 1.068 1.050 1.034 1.055
−0.45 1.076 1.076 1.050 1.032 1.065
−0.55 1.072 1.080 1.065 1.096
−0.65 1.062 1.061 1.037 1.062
−0.75 1.052 1.051 0.981 1.010
−0.85 1.030 1.032 1.018 1.044
mean 1.061 1.057 1.046 1.031 1.071
±0.005 ±0.006 ±0.010 ±0.022 ±0.015
RMS, % 1.6±0.4 1.9±0.4 2.0±0.7 6.6±1.5 4.4±1
Table 23: The calibration constants (pC/GeV) for the BM+ (JINR-55)
barrel module for η scan (TB-07-2002), the fit filter method. Accuracy
of constants is 0.005.




+0.35 1.051 1.049 1.037
+0.45 1.076 1.072 1.079
mean 1.048 1.025 1.034
±0.014 ±0.021 ±0.027
RMS, % 2.8±1 4.7±1.5 4.7±1.9
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Table 24: The calibration constants (pC/GeV) for the EBM+ (IFA-42)(∗)
module tilerows at θ = 90◦ (TB-07-2002), the fit method.
Tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
1 1.122 1.126 1.150
2 1.092 1.092 1.078 1.084 1.125
3 1.054 1.059 1.076
4 1.190 1.188 1.206
5 1.167 1.169 1.157 1.154 1.183
6 1.145 1.144 1.156
7 1.089 1.093 1.106
8 1.067 1.069 1.089
9 1.080 1.087 1.106
10 1.071 1.072 1.042 1.089
11 1.007 1.009 1.020
mean 1.098 1.101 1.118 1.093 1.118
±0.016 ±0.016 ±0.04 ±0.033 ±0.016
RMS, % 5.3±1.1 5.8±1.1 5.6±2.8 5.6±2.3 5.3±1.1
(∗) The electromagnetic calibration constants for tilerows 4
– 17 (cell B15) are systematically large than average for
module IFA-42.
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Table 25: The calibration constants (pC/GeV) for the EBM− (ANL-44)
module tilerows at θ = 90◦ (TB-07-2002), the fit method.
Tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
1 1.023 1.024 1.041
2 1.118 1.125 1.103 1.110 1.151
3 1.040 1.048 1.067
4 1.045 1.049
5 1.055 1.063 1.053 1.049 1.085
6 1.047 1.051 1.070
7 1.024 1.032 1.048
8 1.016 1.008 1.035
9 1.058 1.059 1.067
10 1.113 1.118 1.090 1.093 1.141
11 1.005 0.9981 1.007
mean 1.049 1.052 1.082 1.084 1.071
±0.011 ±0.012 ±0.015 ±0.018 ±0.014
RMS, % 3.4±0.7 3.8±0.8 2.4±1.0 2.9±1.2 4.2±0.9
Table 26: The calibration constants (pC/GeV) for the BM− (JINR-55)
barrel module tilerows at θ = 90◦ (TB-07-2002), the fit method.
Tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
1 1.087 0.9597 1.102
2 1.121 1.128 1.110 1.113
3 1.094 1.108 1.120
4 1.093 1.098 1.096
5 1.077 1.085 1.067 1.065 1.082
6 1.108 1.114 1.103
7 1.146 1.088 1.083
8 1.149 1.146 1.140
9 1.084 1.085 1.080
10 1.057 1.025 1.026 1.029 1.082
11 1.046 1.026 1.078
mean 1.096 1.078 1.068 1.069 1.097
±0.010 ±0.016 ±0.024 ±0.024 ±0.006
RMS, % 3.0±0.6 5.0±1.0 4.2±1.7 4.2±1.7 1.9±0.4
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Table 27: The calibration constants (pC/GeV) for the BM+ (JINR-55)
barrel module tilerows at θ = 90◦ (TB-07-2002), the fit method.
Tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
1 1.111 1.111
2 1.113 1.124 1.120 1.067 1.062
3 1.079 1.090 1.033
4 1.055 1.059 1.055
5 1.044 1.041 1.029 1.020 1.029
6 1.152 1.154 1.153
7 1.109 1.098 1.082
8 1.106 1.096 1.082
9 1.095 1.084
10 1.034 1.017 1.002 1.010 1.041
11 1.099 1.069 1.090
mean 1.091 1.086 1.050 1.032 1.070
±0.010 ±0.012 ±0.036 ±0.018 ±0.013
RMS, % 3.2±0.7 3.5±0.8 6.2±2.5 3.0±1.2 3.6±0.8
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C.3.2 The Flat Filter Method results
Table 28: The calibration constants (pC/GeV) for the extended barrel
modules at θ = 20◦: EBM+ (IFA-42, A+12 ÷ A+16) and EBM+ (ANL-
44, A−12 ÷ A−16), the flat filter method. Accuracy of constants is
0.005.
High Gain Low Gain
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A+12 1.159 1.161 1.193 1.176 1.191
A+13 1.144 1.146 1.151 1.161 1.179
A+14 1.140 1.146 1.173 1.154 1.180
A+15 1.133 1.137 1.158 1.138
A+16 1.128 1.149 1.194 1.167 1.186
mean 1.141 1.148 1.174 1.159 1.184
±0.005 ±0.004 ±0.009 ±0.006 ±0.03
mean 1.144±0.003 1.171±0.005
RMS,% 1.1±0.4 0.9±0.3 2.0±0.6 1.4±0.4 0.6±0.2
RMS,% 1.0±0.2 1.7±0.3
A−12 1.152 1.150 1.196 1.170 1.176
A−13 1.181 1.138 1.175 1.154 1.169
A−14 1.115 1.120 1.123 1.144
A−15 1.103 1.112 1.137 1.138 1.160
A−16 1.188 1.201 1.228 1.212 1.231
mean 1.148 1.144 1.184 1.159 1.176
±0.012 ±0.016 ±0.019 ±0.015 ±0.015
mean 1.146±0.01 1.172±0.009
RMS,% 3.8±1.2 3.5±1.1 3.8±1.3 3.4±1.1 3.3±1.0
RMS,% 3.4±0.8 3.4±0.6
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Table 29: The calibration constants (pC/GeV) for the JINR-55 barrel
module at θ = 20◦. Accuracy of constants is 0.005, the flat filter method.
High Gain Low Gain
Cell 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
A+1 1.122 1.112 1.146 1.128
A+2 1.137 1.160 1.145 1.152 1.143
A+3
A+4 1.144 1.112 1.127 1.117
A+5 1.135 1.121 1.157 1.153
A+6 1.138 1.128 1.177 1.168
A+7 1.148 1.137 1.173 1.150 1.151
A+8 1.130 1.114 1.160 1.130 1.131
A+9 1.178 1.209 1.177
A+10 1.166 1.150 1.184 1.137 1.130
mean 1.144 1.138 1.166 1.145 1.140
±0.006 ±0.010 ±0.006 ±0.005 ±0.007
mean 1.145±0.005 1.152±0.004
RMS,% 1.5±0.4 2.8±0.6 1.2±0.4 1.2±0.3 2.0±0.5
RMS,% 1.0±0.4 1.8±0.3
A−1 1.160 1.154 1.164 1.149 1.148
A−2 1.123 1.117 1.165 1.137 1.139
A−3 1.158 1.156 1.178 1.144 1.178
A−4 1.169 1.164 1.174 1.181 1.165
A−5 1.167 1.166 1.164 1.185 1.204
A−6 1.178 1.185 1.222 1.205 1.198
A−7 1.156 1.141 1.156 1.157 1.157
A−8 1.164 1.155 1.222 1.138 1.163
A−9 1.135 1.128 1.153 1.144 1.164
A−10 1.140 1.119 1.130
mean 1.155 1.148 1.173 1.160 1.168
±0.005 ±0.007 ±0.009 ±0.008 ±0.007
mean 1.152±0.004 1.167±0.005
RMS,% 1.7±0.4 2.2±0.5 2.9±0.6 2.4±0.6 2.2±0.5
RMS,% 1.9±0.3 2.5±0.3
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Table 30: The calibration constants (pC/GeV) for the two extended
barrel modules for various η: EBM+ (IFA-42) for η > 0 and EBM−
(ANL-44) for η < 0, the flat filter method.
High Gain Low Gain
η 10 GeV 20 GeV 180 GeV
1.05 1.075 1.092 1.160
1.15 1.073 1.088 1.138
1.25 1.154 1.165 1.216
1.35 1.083 1.099 1.163
mean 1.096±0.020 1.111±0.018 1.169±0.016
mean 1.103± 0.010 1.169±0.016
RMS,% 3.9±1.4 3.6±1.3 3.3±1.2
RMS,% 3.6 ± 0.9 3.3±1.2
−1.05 1.130 1.140 1.181
−1.15 1.112 1.119 1.156
−1.25 1.107 1.120 1.173
−1.35 1.185 1.196 1.217
−1.45 1.129 1.181
mean 1.134±0.018 1.141±0.014 1.182±0.010
mean 1.138± 0.010 1.182±0.010
RMS,% 3.6±1.3 3.2±1 2.2 ±0.7
RMS,% 3.2 ± 0.7 2.2 ±0.7
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Table 31: The calibration constants (pC/GeV) for the BM± (JINR-55)
barrel module for η scan, the flat filter method. Accuracy of constants
is 0.005.
High Gain Low Gain
η 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
−0.05 1.138 1.125 1.084 1.314 1.104
−0.15 1.115 1.123 1.106 1.051 1.106
−0.25 1.164 1.164 1.186 1.129 1.161
−0.35 1.145 1.155 1.175 1.159 1.182
−0.45 1.136 1.146 1.178 1.158 1.195
−0.55 1.138 1.159 1.196 1.191 1.223
−0.65 1.123 1.133 1.168 1.162 1.190
−0.75 1.123 1.131 1.125 1.102 1.120
−0.85 1.111 1.121 1.150 1.145 1.172
mean 1.132 1.140 1.152 1.157 1.161
±0.005 ±0.006 ±0.013 ±0.024 ±0.014
mean 1.136± 0.004 1.157± 0.010
RMS,% 1.6±0.4 1.6±0.4 3.9±0.9 7.2±1.7 4.2±1
RMS,% 1.6 ± 0.3 5.1± 0.7
+0.05 1.068 1.076 1.340
+0.15 1.107 1.115 1.107
+0.25
+0.35 1.133 1.139 1.171
+0.45 1.133 1.138 1.207
mean 1.110 1.117 1.206
±0.015 ±0.014 ±0.049
mean 1.113±0.010 1.206±0.049
RMS,% 3.1±1.1 2.9±1.0 9.8±3.5
RMS,% 2.8± 0.7 9.8±3.5
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Table 32: The calibration constants (pC/GeV) for the extended barrel
modules at θ = 90◦: EBM− (IFA-42, T+1 ÷ T+11) and EBM+ (ANL-
44, T−1 ÷ T−11), the flat filter method.
High Gain Low Gain
Tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
T+1 1.213 1.226 1.306
T+2 1.178 1.186 1.236 1.238 1.277
T+3 1.143 1.155 1.228
T+4 1.311 1.310 1.367
T+5 1.282 1.287 1.315 1.312 1.339
T+6 1.265 1.265 1.315
T+7 1.198 1.205 1.255
T+8 1.147 1.154 1.230
T+9 1.159 1.173 1.251
T+10 1.155 1.162 1.192 1.188 1.236
T+11 1.084 1.092 1.158
mean 1.194 1.201 1.248 1.246 1.267
±0.021 ±0.020 ±0.036 ±0.036 ±0.018
mean 1.198± 0.014 1.261± 0.014
RMS,% 6.8±1.5 6.5±1.4 6.2±2.5 6.2±2.5 5.9±1.3
RMS,% 6.5± 1.0 5.7± 1.0
T−1 1.122 1.194
T−2 1.225 1.239 1.283 1.297 1.323
T−3 1.142 1.155 1.231
T−4 1.141 1.147 1.195
T−5 1.149 1.159 1.196 1.201 1.230
T−6 1.147 1.153 1.219
T−7 1.119 1.130 1.191
T−8 1.113 1.108 1.182
T−9 1.152 1.158 1.214
T−10 1.218 1.227 1.254 1.262 1.299
T−11 1.100 1.096 1.151
mean 1.151 1.154 1.244 1.253 1.219
±0.013 ±0.013 ±0.026 ±0.028 ±0.015
mean 1.152± 0.009 1.231± 0.012
RMS,% 3.6±0.8 3.8±0.8 3.6±1.4 3.8±1.6 4.1±0.9
RMS,% 4.2 ± 0.6 4.8± 0.8
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Table 33: The calibration constants (pC/GeV) for the BM± (JINR-55)
barrel module at θ = 90◦, the flat filter method.
High Gain Low Gain
tile 10 GeV 20 GeV 50 GeV 100 GeV 180 GeV
BM−1 1.171 1.232
BM−2 1.208 1.221 1.256 1.250 1.267
BM−3 1.183 1.204 1.256
BM−4 1.160 1.175 1.225
BM−5 1.142 1.157 1.212 1.199 1.208
BM−6 1.180 1.196 1.241
BM−7 1.219 1.171 1.218
BM−8 1.222 1.231 1.268
BM−9 1.159 1.170 1.216
BM−10 1.109 1.095 1.142 1.142 1.203
BM−11 1.099 1.099 1.201
mean 1.168 1.172 1.203 1.197 1.230
±0.012 ±0.014 ±0.033 ±0.03 ±0.007
mean 1.170± 0.009 1.220± 0.009
RMS,% 3.5±0.7 3.9±0.9 5.7±2.3 5.4±2.2 2.0±0.4
RMS,% 4.2± 0.6 3.7± 0.6
BM+1 1.194 1.203 1.187
BM+2 1.192 1.213 1.265 1.201 1.190
BM+3 1.164 1.185 1.167
BM+4 1.125 1.136 1.186
BM+5 1.112 1.115 1.163 1.150 1.154
BM+6 1.230 1.240 1.293
BM+7 1.191 1.188 1.166
BM+8 1.187 1.188 1.214
BM+9 1.181 1.178 1.206
BM+10 1.108 1.114 1.141 1.139 1.170
BM+11 1.176 1.179 1.137 1.219
mean 1.169 1.176 1.190 1.163 1.196
±0.012 ±0.012 ±0.038 ±0.019 ±0.012
mean 1.173± 0.008 1.189± 0.010
RMS,% 3.3±0.7 3.4 ±0.7 6.6±2.7 3.3±1.4 3.2± 0.7
RMS,% 3.8± 0.6 4.2± 0.7
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C.3.3 The average calibration constants
Table 34: The average calibration constants and RMS (%) values of the
A-cell scan at θ = 20◦, η scan and the tilerow scan at θ = 90◦ for ANL-44,
IFA-42 and JINR-55 modules, the fit method (TB-07-2002) [13].
Module 20◦ η 90◦
Re RMS Re RMS Re RMS
% % %
ANL-44 1.038±0.006 3.2±0.4 1.049±0.006 2.2±0.4 1.061±0.006 3.9±0.5
IFA-42 1.046±0.004 2.0±0.3 1.024±0.010 3.3±0.7 1.106±0.008 5.1±0.6
JINR-55− 1.051±0.004 3.2±0.3 1.054±0.006 4.1±0.5 1.087±0.006 3.9±0.4
JINR-55+ 1.043±0.005 2.9±0.3 1.035±0.011 3.9±0.8 1.076±0.007 4.1±0.5
mean 1.046±0.002 3.0±0.2 1.046±0.004 3.8±0.3 1.082±0.004 4.5±0.3
Table 35: The average calibration constants and RMS (%) values for the
A-cell scan at θ = 20◦, η scan and the tilerow scan at θ = 90◦, the flat
filter method (TB-07-2002) [12].
Module 20◦ η 90◦
Re RMS Re RMS Re RMS
pC/GeV % pC/GeV % pC/GeV %
ANL-44 1.161±0.007 3.6±0.5 1.153±0.009 3.5±0.7 1.187±0.010 5.9±0.7
IFA-42 1.160±0.004 2.0±0.3 1.126±0.013 4.6±0.9 1.225±0.011 6.9±0.8
JINR-55− 1.161±0.003 2.4±0.2 1.148±0.006 4.2±0.4 1.192±0.008 4.7±0.5
JINR-55+ 1.147±0.004 2.0±0.2 1.127±0.012 4.0±0.8 1.180±0.006 4.0±0.5
mean 1.157±0.002 2.6±0.2 1.143±0.005 4.2±0.3 1.196±0.005 5.7±0.3
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C.4 Test beam: 08-2002
Table 36: The calibration constants (pC/GeV) for the TileCal Extended
Barrel Modules “ANL-27” and “IFA-09” at θ = 20◦ obtained using the
flat filter method (TB-08-2002).
20 GeV 180 GeV 20 GeV 180 GeV
Cell EBM− (ANL-27) EBM+ (IFA-09)
12 1.161±0.002 1.193±0.002 1.158±0.002 1.179±0.002
13 1.153±0.002 1.181±0.002 1.115±0.002 1.140±0.002
14 1.147±0.002 1.171±0.002 1.115±0.002 1.159±0.002
15 1.157±0.002 1.170±0.002 1.134±0.002 1.153±0.002
16 1.177±0.002 1.194±0.002 1.081±0.002 1.066±0.002
mean 1.16± 0.01 1.18± 0.01 1.12± 0.01 1.14± 0.01
Table 37: The calibration constants (pC/GeV) for the TileCal Barrel
Module “JINR-01” at θ = 20◦ obtained using the flat filter method (TB-
08-2002) [14]. Accuracy of constants is 0.002.
20 GeV 180 GeV 20 GeV 180 GeV
Cell BM− (JINR-01) BM+ (JINR-01)
1 1.193 1.193 — 1.166
2 1.178 1.197 1.187 1.187
3 1.183 1.161 1.147 1.171
4 1.220 1.184 1.164 1.155
5 1.122 1.146 1.171 1.185
6 1.135 1.171 1.203 1.187
7 1.173 1.206 1.186 1.199
8 1.184 1.231 1.161 1.121
9 1.137 1.182 1.114 1.120
10 1.140 1.101 1.226 1.207
mean 1.17± 0.01 1.18± 0.01 1.17± 0.01 1.17± 0.01
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Table 38: Calibration Constants (pC/GeV) for high and low gain for
TileCal Modules ANL-27, IFA-09 and JINR-01 at 20◦ obtained using the
flat filter method (TB-08-2002) [14].
Calibration Constants
(pC/GeV)
TileCal Module High Gain Low Gain
(20 GeV) (180 GeV)
ANL-27: EBM− 1.16± 0.01 1.18± 0.01
IFA-09: EBM+ 1.12± 0.01 1.14± 0.01
JINR-01: BM− 1.17± 0.01 1.18± 0.01
BM+ 1.17± 0.01 1.17± 0.01
Table 39: The calibration constants (pC/GeV) for the TileCal Extended
Barrel Modules “ANL-27” and “IFA-09” at θ = 90◦ obtained using the
flat filter method (TB-08-2002) [14].
20 GeV 180 GeV 20 GeV 180 GeV
Tile EBM− (ANL-27) EBM+ (IFA-09)
1 — 1.338±0.002 1.200±0.002 1.267±0.002
2 1.281±0.002 1.300±0.002 1.265±0.002 1.299±0.002
3 1.178±0.002 1.230±0.002 — 1.207±0.002
4 1.327±0.002 1.293±0.002 1.198±0.002 1.248±0.002
5 1.133±0.002 1.120±0.002 1.177±0.002 1.203±0.002
6 1.194±0.002 1.174±0.002 — 1.243±0.002
7 1.130±0.002 1.122±0.002 1.157±0.002 1.218±0.002
8 — 1.225±0.002 1.223±0.002 1.208±0.002
9 1.211±0.002 1.231±0.002 1.168±0.002 1.324±0.002
10 1.220±0.002 1.218±0.002 1.164±0.002 1.145±0.002
11 1.117±0.002 1.123±0.002 1.143±0.002 1.137±0.002
mean 1.19± 0.02 1.21± 0.02 1.19± 0.01 1.23± 0.02
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Table 40: The calibration constants (pC/GeV) for the TileCal Barrel
Module “JINR-01” at θ = 90◦ obtained using the flat filter method (TB-
08-2002) [14].
20 GeV 180 GeV 20 GeV 180 GeV
Tile BM− (JINR-01) BM+ (JINR-01)
1 1.259±0.002 1.219±0.002 — 1.216±0.002
2 1.180±0.002 1.039±0.002 1.263±0.002 1.321±0.002
3 1.351±0.002 1.328±0.002 — 1.202±0.002
4 1.210±0.002 1.220±0.002 1.238±0.002 1.247±0.002
5 1.218±0.002 1.206±0.002 1.194±0.002 1.198±0.002
6 1.165±0.002 1.089±0.002 — 1.181±0.002
7 1.099±0.002 1.090±0.002 — 1.218±0.002
8 1.244±0.002 1.233±0.002 1.210±0.002 1.224±0.002
9 1.155±0.002 1.143±0.002 1.120±0.002 1.088±0.002
10 1.222±0.002 1.209±0.002 1.202±0.002 1.195±0.002
11 1.112±0.002 1.108±0.002 1.182±0.002 1.176±0.002
mean 1.19± 0.02 1.16± 0.02 1.20± 0.02 1.21± 0.02
Table 41: The average calibration constants (pC/GeV) for low and high
gains at 90◦ obtained using the flat filter method (TB-08-2002) [14].
Calibration Constants
(pC/GeV)
TileCal Module High Gain Low Gain
(20 GeV) (180 GeV)
ANL-27: EBM− 1.19± 0.02 1.21± 0.02
IFA-09: EBM+ 1.19± 0.01 1.23± 0.02
JINR-01: BM− 1.19± 0.02 1.16± 0.02
BM+ 1.20± 0.02 1.21± 0.02
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C.5 Test beam: 06-2003
Table 42: The calibration constants (pC/GeV) for the extended barrel
modules ANL-03 and ANL-23 for 180 GeV at θ = 20◦ (TB-06-2003).
flat fit flat fit
Cell EBM− (ANL-23) EBM+ (ANL-03)(∗)
12 1.130±0.002 1.003±0.0008 1.137±0.002 1.039±0.001
13 1.093±0.001 1.003±0.0006 1.057±0.001 .9462±0.001
14 1.111±0.001 .9813±0.0007 1.103±0.002 .9840±0.001
15 1.118±0.002 1.018±0.0007 1.085±0.001 .9962±0.001
16 1.143±0.002 1.032±0.0006 1.034±0.001 .9134±0.001
(∗) We did not use these ANL-03 data in the analysis because
the these calibration constants are systematically small.
Table 43: The calibration constants (pC/GeV) for the TileCal Barrel
Module “JINR-12” at θ = 20◦ obtained using the flat and fit methods
(TB-06-2003) [14].
flat fit flat fit
Cell BM− (JINR-12) BM+ (JINR-12)
1 1.063±0.009 0.995±0.001 1.102±0.003 1.001±0.002
2 1.126±0.004 1.022±0.001 1.172±0.001 1.033±0.002
3 1.159±0.002 1.041±0.002 1.134±0.002 0.992±0.002
4 1.120±0.002 0.997±0.002 1.205±0.003 1.039±0.002
5 1.151±0.002 1.044±0.001 1.105±0.002 0.999±0.002
6 1.152±0.004 1.048±0.0009 1.208±0.0002 1.062±0.002
7 1.160±0.0006 1.046±0.001 1.170±0.001 1.064±0.002
8 1.152±0.002 1.022±0.0008 1.146±0.002 1.025±0.0008
9 1.111±0.0006 1.024±0.0004 1.151±0.003 1.038±0.002
10 1.081±0.003 0.959±0.0009
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Table 44: The calibration constants (pC/GeV) for the extended barrel
modules ANL-03 and ANL-23 for 180 GeV at θ = 90◦ (TB-06-2003)
flat fit flat fit
Tile EBM− (ANL-23) EBM+ (ANL-03)
1 1.142±0.002 1.029±0.002 1.145±0.002 1.007±0.0013
2 1.253±0.001 1.128±0.001 1.223±0.001 1.076±0.0009
3 1.138±0.001 1.018±0.001 1.289±0.001 1.135±0.0012
4 1.244±0.001 1.126±0.001 1.262±0.002 1.128±0.0015
5 1.184±0.001 1.071±0.001 1.173±0.002 1.052±0.0012
6 1.191±0.001 1.071±0.001 1.170±0.002 1.047±0.0006
7 1.074±0.002 0.962±0.001 1.157±0.002 1.033±0.001
8 1.204±0.002 1.069±0.001 1.040±0.001
9 1.083±0.001 0.952±0.001 1.209±0.001 1.057±0.001
10 1.303±0.002 1.159±0.001 1.225±0.002 1.066±0.001
11 1.175±0.001 1.045±0.001 1.091±0.002 0.952±0.001
Table 45: The calibration constants (pC/GeV) for the TileCal Barrel
Module “JINR-12” at θ = 90◦ obtained using the flat and fit methods
(TB-06-2003) [14].
flat fit flat fit
Tile BM− (JINR-12) BM+ (JINR-12)
1 1.223±0.001 1.079±0.001 1.275±0.002 1.151±0.001
2 1.242±0.001 1.101±0.001
3 1.174±0.001 1.034±0.001 1.189±0.001 1.074±0.001
4 1.197±0.002 1.058±0.001 1.199±0.002 1.081±0.001
5 1.222±0.002 1.084±0.001 1.220±0.002 1.101±0.001
6 1.154±0.001 1.018±0.001 1.169±0.002 1.057±0.001
7 1.162±0.001 1.064±0.001 1.145±0.002 1.028±0.001
8 1.048±0.001 0.954±0.001 1.200±0.002 1.075±0.001
9 1.125±0.001 1.020±0.001 1.146±0.003 1.029±0.001
10 1.174±0.001 1.046±0.001 1.123±0.001 1.015±0.001
11 1.143±0.001 1.018±0.001
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Table 46: The average calibration constants (pC/GeV) for the ANL-23,
ANL-03, JINR-12 modules (TB-06-2003) at 180 GeV for θ = 20◦ (cell-
scan) [15]
TileCal Module flat fit flat
fit
ANL-23: EBM− 1.118± 0.020 1.008± 0.018 1.11± 0.03
ANL-03: EBM+ 1.083± 0.020 0.979± 0.018 1.11± 0.03
JINR-12: BM− 1.128± 0.014 1.019± 0.013 1.11± 0.02
BM+ 1.156± 0.015 1.028± 0.013 1.12± 0.02
Table 47: The average calibration constants (pC/GeV) for the ANL-23,
ANL-03, JINR-12 modules (TB-06-2003) at 180 GeV for θ = 90◦ (tile-
scan) [15]
TileCal Module flat fit flat/fit
ANL-23: EBM− 1.173± 0.014 1.053± 0.013 1.11± 0.02
ANL-03: EBM+ 1.196± 0.015 1.057± 0.013 1.13± 0.02
JINR-12: BM− 1.167± 0.015 1.039± 0.013 1.12± 0.02
BM+ 1.183± 0.015 1.066± 0.013 1.11± 0.02
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C.6 Test beam: 07-1-2003
Table 48: The calibration constants (pC/GeV) for the EBM+ (ANL-
30) and EBM− (IFA-27) (TB-07-1-2003) at 100 GeV and 180 GeV and
θ = 20◦ for flat filter and fit methods. Accuracy of constants is 0.004
[17].
flat flat fit fit




A+15 1.161 1.180 1.007 1.040
A+16 1.160 1.004
A−15 1.1 1.137 1.024 1.008
A−16 1.1 1.143 1.024 1.008
(∗) We did not use these results for ANL-30 in anal-
ysis because the calibration constants are systemat-
ically small.
Table 49: The calibration constants (pC/GeV) for the BM+ and BM−
(JINR-27) at θ = 20◦ (TB-07-1-2003), the flat filter method. Accuracy
of constants is 0.004. [17].
Cell 100 GeV 180 GeV Cell 100 GeV 180 GeV
A+1 1.155 1.148 A−1 1.150 1.147
A+2 A−2 1.145 1.138
A+3 1.178 A−3 1.188 1.174
A+4 1.148 1.134 A−4 1.134 1.123
A+5 1.141 1.129 A−5 1.180 1.170
A+6 1.158 1.148 A−6 1.149 1.145
A+7 1.176 1.154 A−7 1.148 1.147
A+8 1.152 1.123 A−8 1.166 1.158
A+9 1.166 1.166 A−9 1.167 1.150
A+10 A−10 1.135 1.116
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Table 50: The electromagnetic calibration constants (pC/GeV) for the
BM+ and BM− (JINR-27) at θ = 20◦ (TB-07-1-2003), the fit method.
Accuracy of constants is 0.004 [17].
Cell 100 GeV 180 GeV Cell 100 GeV 180 GeV
A+1 1.030 1.026 A−1 1.026 1.024
A+2 A−2 1.025 1.019
A+3 1.053 A−3 1.057 1.045
A+4 1.030 1.007 A−4 1.009 1.100
A+5 1.012 1.004 A−5 1.056 1.049
A+6 1.034 1.027 A−6 1.036 1.030
A+7 1.049 1.030 A−7 1.026 1.024
A+8 1.030 1.005 A−8 1.040 1.036
A+9 1.040 1.104 A−9 1.039 1.026
A+10 A−10 1.006 0.990
Table 51: The average calibration constants for the BM+ and BM−
(JINR-27) (TB-07-1-2003) at 100 GeV and 180 GeV and 20◦ using the
flat filter and fit methods [17].
Module 100 GeV 180 GeV
BM−, JINR-27 flat mean 1.156± 0.006 1.147± 0.006
RMS,% 1.6± 0.4 1.6± 0.4
BM−, JINR-27 fit mean 1.032± 0.005 1.024± 0.006
RMS,% 1.7± 0.4 1.7± 0.4
BM+, JINR-27 flat mean 1.157± 0.004 1.148± 0.007
RMS, % 1.0± 0.3 1.6± 0.4
BM+, JINR-27 fit mean 1.032± 0.004 1.024± 0.006
RMS,% 1.1± 0.3 1.7± 0.4
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Table 52: The average calibration constants for the EBM+ (ANL-30)
and EBM− (IFA-27) (TB-07-1-2003) at 100 GeV and 180 GeV and 20◦
using the flat filter and fit methods. [17].
Module 100 GeV 180 GeV
EBM−, IFA-27 flat mean 1.132± 0.005 1.140± 0.003
RMS, % 1.4± 0.2 1.16± 0.01
EBM−, IFA-27 fit mean 0.996± 0.005 1.008± 0.004
RMS, %
EBM+, ANL-30 flat mean 1.14± 0.01 1.180± 0.004
RMS, % 1.9± 0.7
EBM+, ANL-30 fit mean 1.006± 0.007 1.040± 0.004
RMS, % 1.6± 0.5
Table 53: The calibration constants (pC/GeV) for the TileCal Extended
Barrel Modules EBM+ (ANL-30) and EBM− (IFA-27) at θ = 90◦ ob-
tained using the flat filter method (TB-07-1-2003) [16]. Accuracy of
constants is 0.002.
100 GeV 180 GeV 350 GeV 100 GeV 180 GeV
Tile EBM− (IFA-27) EBM+ (ANL-30)
1 1.130 1.220
2 1.217 1.219 1.147 1.146 1.186
3 1.150 1.146
4 1.197 1.226




9 1.279 1.286 1.207 1.218
10 1.176 1.132 1.106 1.157 1.152
11 1.143 1.100
mean 1.21 1.17 1.14 1.18 1.18
±0.02 ±0.01 ±0.02 ±0.03 ±0.01
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Table 54: The calibration constants (pC/GeV) for the TileCal Extended
Barrel Modules EBM+ (ANL-30) and EBM− (IFA-27) at θ = 90◦ ob-
tained using the fit method (TB-07-1-2003) [16]. Accuracy of constants
is 0.002.
100 GeV 180 GeV 350 GeV 100 GeV 180 GeV
Tile EBM− (IFA-27) EBM+ (ANL-30)
1 1.071 1.043
2 1.067 1.077 1.058 1.004 1.008
3 1.011 1.080
4 1.067 1.080




9 1.137 1.145 1.109 1.014
10 0.989 0.999 0.960 1.005 0.980
11 1.012 0.992
mean 1.05 1.03 1.03 1.03 1.05
±0.03 ±0.01 ±0.03 ±0.02 ±0.01
Table 55: The calibration constants (pC/GeV) for the TileCal Barrel
Modules BM± (JINR-27) at θ = 90◦ obtained using the flat filter method
(TB-07-1-2003) [16]. Accuracy of constants is 0.002.
100 GeV 180 GeV 100 GeV 180 GeV
Tile BM− (JINR-27) BM+ (JINR-27)
1 1.189 1.179
2 1.253 1.245 1.163 1.165
3 1.197 1.177
4 1.200 1.217




9 1.207 1.101 1.139 1.202
10 1.192 1.154 1.222 1.222
11 1.135 1.218
mean 1.21 1.16 1.18 1.19
±0.02 ±0.01 ±0.02 ±0.01
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Table 56: The calibration constants (pC/GeV) for the TileCal Barrel
Modules BM± (JINR-27) at θ = 90◦ obtained using the fit filter method
(TB-07-1-2003) [16]. Accuracy of constants is 0.002.
100 GeV 180 GeV 100 GeV 180 GeV
Tile BM− (JINR-27) BM+ (JINR-27)
1 1.063 1.059
2 1.107 1.114 1.040 1.046
3 1.074 1.056
4 1.077 1.093




9 1.079 0.977 1.005 1.066
10 1.043 1.034 1.091 1.091
11 1.021 1.092
mean 1.07 1.04 1.05 1.06
±0.02 ±0.01 ±0.02 ±0.01
Table 57: The average calibration constants for the EBM+ (ANL-30),
EBM− (IFA-27), BM+ and BM− (JINR-27) at 100 GeV, 180 GeV and
350 GeV at 90◦ obtained with the flat filter method (TB-07-1-2003).
Calibration Constants
(pC/GeV)
Module 100 GeV 180 GeV 350 GeV
IFA-27: EBM− 1.21± 0.02 1.17± 0.01 1.14± 0.02
ANL-30: EBM+ 1.18± 0.03 1.18± 0.01
JINR-27: BM− 1.21± 0.02 1.16± 0.01
BM+ 1.18± 0.02 1.19± 0.01
Module-0: BM0− 1.19± 0.04 1.14± 0.02
BM0+ 1.22± 0.03 1.21± 0.02
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Table 58: The average calibration constants for the EBM+ (ANL-30),
EBM− (IFA-27), BM+ and BM− (JINR-27) at 100 GeV, 180 GeV and
350 GeV at 90◦ obtained with the fit method (TB-07-1-2003).
Calibration Constants
(pC/GeV)
TileCal Module 100 GeV 180 GeV 350 GeV
IFA-27: EBM− 1.05± 0.03 1.03± 0.01 1.03± 0.03
ANL-30: EBM+ 1.03± 0.02 1.05± 0.01
JINR-27: BM− 1.07± 0.02 1.04± 0.01
BM+ 1.05± 0.02 1.06± 0.01
Module-0: BM0− 1.07± 0.03 1.03± 0.02
BM0+ 1.10± 0.03 1.10± 0.02
D Modules Correspondence
Table 59: The correspondence between production ANL, IFA, JINR mod-
ules number and position of these modules in the assembled TileCal.
Long Barrel Extended Barrel
A C A C
JINR01 LBA33 LBC33 ANL03 EBA13 IFA09 EBC30
JINR12 LBA01 LBC01 ANL08 EBA10 IFA15 EBC33
JINR13 LBA14 LBC14 ANL15 EBA07 IFA24 EBC49
JINR18 LBA49 LBC49 ANL23 EBA04 IFA27 EBC25
JINR27 LBA25 LBC25 ANL27 EBA47 IFA38 EBC64
JINR34 LBA58 LBC58 ANL30 EBA16 IFA42 EBC48
JINR54 LBA09 LBC09 ANL36 EBA44 IFA46 EBC19
JINR55 LBA31 LBC31 ANL44 EBA33 IFA59 EBC62
JINR63 LBA17 LBC17
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